of uncertain position (Hickman 2013) .
Vetigastropoda (thus comprising the superfamilies Pleurotomarioidea, Scissurelloidea, Lepetodriloidea, Fissurelloidea, Haliotoidea, Lepetelloidea, Seguenzioidea, Trochoidea, Angarioidea, and Phasianelloidea) is accepted to be monophyletic by most authors (Ponder & Lindberg 1997; Sasaki 1998; Geiger & Thacker 2005; Kano 2008; Williams et al. 2008) . However, in some molecular phylogenetic analyses based on mitochondrial (mt) and nuclear data and including a large outgroup sampling, Vetigastropoda not always turned out to be monophyletic: the Pleurotomarioidea were placed outside Vetigastropoda and the Lepetelloidea were the sister group to Patellogastropoda (Aktipis & Giribet 2010 . Furthermore, although phylogenetic relationships among vetigastropod main lineages have been repeatedly studied using morphological and molecular data (Salvini-Plawen & Haszprunar 1987; Haszprunar 1988; Hedegaard 1997; Ponder & Lindberg 1997; Sasaki 1998; Geiger & Thacker 2005; Yoon & Kim 2005; Williams & Ozawa 2006; Kano 2008; Williams et al. 2008; Aktipis & Giribet 2010) , the phylogeny of this diverse clade remains elusive (Aktipis & Giribet 2012) and discussion and changes continue at all its levels.
In addition, the related question on the relative phylogenetic position of Neomphalina is also a matter of a lively and yet unsolved debate. Some authors consider Neomphalina within the Vetigastropoda (Bouchet & Rocroi 2005; Geiger et al. 2008 ) whereas others consider Neomphalina as a separate lineage more closely related to other gastropod clades (e.g., Heß et al. 2008; Appeltans et al. 2012; .
The present study aims to address the open questions on the composition and phylogenetic relationships of Vetigastropoda. Over its evolutionary history, this clade has suffered rapid extinction/radiation events (Fryda et al. 2008) , which challenge the recovery of a robust molecular phylogeny, and prompt for the use of multilocus data sets. Here, we based our phylogenetic reconstructions on mitochondrial (mt) genome sequence data, which have proven to recover well-resolved phylogenetic trees of gastropods when applied to moderately divergent lineages (White et al. 2011 and references therein) . At present, there are only seven vetigastropod complete mt genomes available, including those of a fissurelloidean, Fissurella volcano; two trochoideans, Lunella aff. cinerea and Tegula brunnea (NC 016954, unpublished) ; and four haliotoideans, Haliotis rubra , H. tuberculata (Van Wormhoudt et al. 2009 ), H. diversicolor (Xin et al. 2011) , H. laevigata (Robinson et al. 2014) , as well as the almost complete mt genome of H. discus (EU595789, unpublished) . Here, we add the complete mt genomes of one angarioidean, one phasianelloidean, one fissurelloidean, two trochoidean, and one seguenzioidean species, as well as the nearly complete mt genome of one lepetodriloidean species. We reconstructed a phylogeny of Vetigastropoda including 12 mt genomes that represent seven of the ten monophyletic superfamilies nowadays recognized within the group, with the exception of Pleurotomarioidea, Scissurelloidea, and Lepetelloidea. We also included the mt genome of the scaly-foot gastropod Chrysomallon squamiferum (Chen et al. 2015) , a member of the clade Neomphalina, available at GenBank (see , and some mt genomes of Neritimorpha, Caenogastropoda, Heterobranchia, and Patellogastropoda as outgroup taxa. A robust phylogeny of Vetigastropoda is crucial for understanding evolutionary trends within the group, and in particular the evolution of the symmetry/asymmetry of pallial organs including the gill, which is the subject of a long-standing debate (Haszprunar 1988; Sasaki 1998; Lindberg & Ponder 2001 and references therein).
Materials and methods

Samples and DNA extraction
One specimen of each Angaria neglecta (Angarioidea), Phasianella solida (Phasianelloidea), Granata lyrata (Seguenzioidea), Bolma rugosa and Tegula lividomaculata (Trochoidea), Diodora graeca (Fissurelloidea), and Lepetodrilus schrolli (Lepetodriloidea) was used for this study (See Table 1 for details on the locality and voucher ID of each sample). All samples were stored in 100% ethanol and total genomic DNA was isolated from up to 50-100 mg of foot tissue following a standard phenolchloroform extraction.
PCR amplification and sequencing
We followed a three-step procedure to amplify the different mt genomes. First, fragments of the cox1 (Folmer et al. 1994) , rrnL (Palumbi et al. 1991) , rrnS (Kocher et al. 1989; Simon et al. 1994) , and cox3 (Boore & Brown 2000) genes were PCR amplified using universal primers. The standard PCR reactions contained 2.5 µl of 10x buffer, 1.5 µl of MgCL 2 (25 mM), 0.5 µl of dNTPs (2.5 mM each), 0.5 µl of each primer (10mM), 0.5-1 µl (20-100 ng) of template DNA, 0.2 µl of Taq DNA polymerase 5PRIME (Hamburg, Germany), and sterilized distilled water up to 25 µl. The following program was applied: a denaturalization step at 94 o C for 60 s; 45 cycles of denaturalization at 94 o C 30 s, annealing at different temperatures within the range of 44-52 o C depending on the gene for 60 s and extension at 72 o C for 90 s; a final extension step at 72 o C for 5 m. Second, the amplified fragments were sequenced using Sanger sequencing, and new primers were designed in order to amplify long fragments outwards the short fragments (See Supplementary Material 1 for the long PCR primer sequences for each mt genome). Third, the remaining mtDNA was amplified in 2-3 overlapping fragments by long PCR. The long PCR reaction contained 2.5 µl of 10 × LA Buffer II (Mg + 2 plus), 3 µl of dNTPs (2.5 mM each), 0.5 µl of each primer (10 mM), 0,5-1 µl (20-100 ng) of template DNA and 0.2 µl TaKaRa LA Taq DNA polymerase (5 units/µl), and sterilized distilled water up to 25 µl. The following PCR conditions were used: a denaturalization step at 94 o C for 60 s; 45 cycles of denaturalization at 98 o C for 10 s, annealing at 53 o C for 30 s and extension at 68 o C for 60 s per kb; and a final extension step at 68 o C for 12 min.
The Long-PCR products were purified by ethanol precipitation. Overlapping fragments from the same mt genome were pooled together in equimolar concentrations and subjected to massive parallel sequencing. For each mt genome, an indexed library was constructed using the NEXTERA XT DNA library prep Kit (Illumina, San Diego, CA, USA) at AllGenetics (A Coruña, Spain). The constructed libraries were run in an Illumina HiSeq2000 (100 Pair-ended) at Macrogen (Seoul, Korea).
Genome assembly and annotation
The assembly of the mt genomes was performed in the TRUFA webserver (Kornobis et al. 2015) . Briefly, reads corresponding to different mt genomes were sorted out using the indexes. Adapter sequences were removed using SeqPrep (St John 2011). The quality (randomness) of the sequencing was checked using FastQC v.0.10.1 (Andrews 2010) . Reads were trimmed and filtered out according to their quality scores using PRINSEQ v.0.20.3 (Schmieder & Edwards 2011) . Filtered reads were used for de novo assembly of mt genomes, searching for contigs with a minimum length of 3kb. The complete circular sequence of each mt genome was finally assembled by overlapping the various contigs in Sequencher 5.0.1. The assembled sequence was used as reference to map the original (raw) reads with a minimum identity of 99% using Geneious® 8.0.3.
The new vetigastropod mt genomes were annotated using the MITOS (Bernt et al. 2013 ) and DOGMA (Wyman et al. 2004) webservers. The 13 mt protein-coding genes were annotated by identifying their open reading frames using the invertebrate mitochondrial code. The transfer RNA (tRNA) genes were further identified with tRNAscan-SE 1.21 (Schattner et al. 2005 ) and ARWEN 1.2 (Laslett and Canbäck 2008) , which infer cloverleaf secondary structures (almost all tRNAs were determined automatically but some had to be determined manually). The ribosomal RNA (rRNA) genes were identified by sequence comparison with other reported mollusc mt genomes, and assumed to extend to the boundaries of adjacent genes (Boore et al. 2005) .
Sequence alignment
The complete sequences of the seven newly determined mt genomes were aligned to the orthologous sequences of five vetigastropod complete mt genomes (Supplementary Material 2 ) available at NCBI (http://www.ncbi.nlm.nih.gov/). Eleven species of Gastropoda, one Cephalopoda, and one Caudofoveata were used as outgroups (Supplementary Material 2).
Two different sequence data sets were constructed. The first data set (hereafter referred to as the gastropod data set) was aimed to test the monophyly of Vetigastropoda. It was rooted with one caudofoveate and one cephalopod, and included several species representing the following main lineages of gastropods as ingroup taxa:
Patellogastropoda, Heterobranchia, Neomphalina, Neritimorpha, Caenogastropoda, and Vetigastropoda. The second data set (hereafter the vetigastropod data set) was aimed to test phylogenetic relationships within the Vetigastropoda, and was rooted with Neomphalina, Neritimorpha, and Caenogastropoda. Both data sets included the nucleotide sequence alignments of the two mt rRNA genes and the deduced amino acid sequences of the 13 mt protein coding genes. In order to construct these two data sets, the deduced amino acid sequences of the 13 mt protein-coding genes were aligned separately using Translator X (Abascal et al. 2010) whereas the nucleotide sequences of the mt ribosomal RNA nuclear genes were aligned separately using MAFFT v7 (Katoh & Standley 2013) with default parameters. Ambiguously aligned positions were removed using Gblocks, v.0.91b (Castresana 2000) and allowing gap positions within the final blocks but not many contiguous non-conserved positions. Finally, the different single alignments were concatenated into the two data matrices using the ALTER webserver (Glez-Peña et al. 2010) .
Phylogenetic analyses
Phylogenetic relationships were inferred using maximum likelihood (ML; Felsenstein, 1981) and Bayesian inference (BI; Huelsenbeck & Ronquist 2001) . ML analyses were conducted with RAxML v7.3.1 (Stamatakis 2006) using the rapid hill-climbing algorithm and 10,000 bootstrap pseudoreplicates. BI analyses were conducted using MrBayes v3.1.2 (Ronquist & Huelsenbeck 2003) and running four simultaneous Markov chains for 10 million generations, sampling every 1000 generations, and discarding the first 25% generations as burn-in (as judged by plots of ML scores and low SD of split frequencies) to prevent sampling before reaching stationarity. Two independent Bayesian inference runs were performed to increase the chance of adequate mixing of the Markov chains and to increase the chance of detecting failure to converge.
The best partition schemes and best-fit models of substitution for the two data sets were identified using Partition Finder and Partition Finder Protein (Lanfear et al. 2012) with the Akaike information criterion (AIC; Akaike 1973) . For the protein-coding gene alignments the partitions tested were: all genes combined; all genes separated except atp6-atp8 and nad4-nad4L; genes grouped by subunits (atp, cox, cytb and nad; see Supplementary Material 3 for selected best fit partitions and models). For the rRNA genes, the two genes separated or combined were tested. In addition, following , we tested manually whether the mtZoa model (Rota-Stabelli et al. 2009 ) could fit better than the selected models for each partition (see Supplementary
Material 3).
Given the heterogeneity of evolutionary rates observed among the gastropod lineages included in the phylogenetic analyses, we also performed a BI using the siteheterogeneous mixture CAT model (Lartillot & Philippe 2004) as implemented in PhyloBayes MPI v.1.5. (Lartillot et al. 2013 ). The CAT model assumes that the different sites of a protein evolve under distinct substitution processes and has proven to be less sensitive to (and alleviate) long-branch attraction biases in some instances (Lartillot et al. 2007) . BI was performed without constant sites ('-dc' option), running two independent MCMC chains until convergence, sampling every cycle. The gastropod and vetigastropod data sets were analyzed only at the amino acid level (protein coding genes) under the best-fit CAT-GTR model, using the discrete gamma approximation to model among-site rate heterogeneity. The performance of the CAT-GTR+G model was assessed using a 10-fold cross-validation performed on subsamples of 6,000 nonconstant positions randomly drawn from the original matrices. Convergence of analyses was checked a posteriori using the convergence tools implemented in PhyloBayes (maxdiff < 0.125, maximum discrepancy < 0.1 and effective size > 100; see Supplementary Material 4). Posterior probabilities provided branch support for BI analyses.
Results
Sequencing and assembly
The nucleotide sequences of the complete mt genomes of A. neglecta, P. solida, B. rugosa, T. lividomaculata, D. graeca and G. lyrata were produced for B. rugosa because sequencing was based on a long PCR covering only a part of the mt genome. All these samples were run together with TruSeq RNA libraries (from other projects). Interestingly, L. schrolli produced one order of magnitude more data (6,592,262 reads; 1790 Mb) because it was run together with NEXTERA DNA libraries (from other projects). The average coverage was 857x, 280x, 715x, 974x, 984x, 771x, and 26,907x, respectively. However, due to local low coverage, it was not possible to assemble five fragments: rrnL-cox3 in A. neglecta, rrnS-cox1 in P. solida and L. schrolli, rrnS-cox3 in T. lividomaculata, and rrnL-cox1 in B. rugosa.
These fragments were completed using Sanger sequencing and a primer walking strategy (see Supplementary Material 1). In L. schrolli, primer walking through a cluster of RNA genes and the putative control region between rrnS and cox3 failed.
Structural features and mitochondrial organization
The newly determined genomes contain 13 protein-coding, two ribosomal RNA and 22 transfer RNA genes. For the nearly complete mt genome of L. schrolli, only 15 of the 22 tRNAs were identified, and two tRNAs were missing from the T. lividomaculata genome). Five complete mt genomes (A. neglecta, P. solida, B. rugosa, T. lividomaculata, and G. lyrata) share the same gene order except for the relative position of the trnG and trnE genes (Fig. 1) . The major strand encodes cox1-3, atp6, atp8, nad2, nad3, trnD (except in G. lyrata), trnT, trnS (gcu), and the KARNI (trnK, trnA, trnR, trnN and trnI) cluster (Fig. 1 ). The minus strand encodes the remaining protein-coding genes (nad5, nad4, nad4L, cytb, nad6, and nad1), the two rRNA genes (rrnS and rrnL), trnF, trnH, trnS (uga), trnP, trnL (uaa), trnL (uag) and the MYCWQ (trnM, trnY, trnC, trnW, and trnQ) cluster (Fig. 1 ). In G. lyrata, the cluster is extended with the trnG and trnE, also encoded by the minus strand. In P. solida, the cluster is prolonged with the trnE and trnG genes encoded by the major strand. In A. neglecta, the cluster is extended with the trnE and trnG genes encoded by the minus and major strands, respectively ( Fig. 1 ). In B. rugosa, the cluster is prolonged with the trnG gene encoded by the major strand whereas the trnE gene is tentatively located (manually) between cox1 and cox2 genes, encoded by the major strand ( Fig. 1 ). In this mt genome, the trnT gene is located between the trnN and trnI genes, as in Lunella (Fig. 1 ). In T. lividomaculata, we could not find the trnE and trnG genes (note that the former is also missing in T. brunnea; Fig.   1 ). The partial genome of L. schrolli shows a different gene arrangement in which trnF nad5, trnH, nad4, nad4L, trnS (uga), cytb, nad6, trnP, nad1, trnL (uaa) , and trnL (uag) are encoded by the major strand whereas trnD, atp8, atp6, and trnT are encoded by the minus strand (Fig. 1) . The mt genome organization of D. graeca is the same as that inferred automatically with MITOS for Fissurella volcano (i.e., the mt gene order reported in GenBank Accession No. NC_016953 is outdated). Both of the fissurellid mt genomes showed numerous rearrangements compared to other vetigastropod mt genomes. The genes nad4/nad4L overlapped in seven bp in all mt genomes (but those of Fissurelloidea). Almost all protein-coding genes start their open reading frame with the codon ATG except nad4 in P. solida that starts with ATT; atp6 and nad4 in G. lyrata that start with TTG and GTG, respectively; nad1 and nad4 that start with GTG in D. graeca;
and atp8 and nad1 in L. schrolli that start with GTG (Supplementary Material 4). The stop codons were variable depending on the gene and the species, and only cox2 consistently ended with TAA ( Supplementary Material 4) . In G. lyrata, nad1 and atp8 genes were abnormally long (Supplementary Material 4). Each mt genome showed several intergenic regions, and those of A. neglecta were particularly long (up to 487 bp; see Supplementary Material 4). Most intergenic regions of A. neglecta, G. lyrata, and P.
solida showed an A-T% below 70% whereas most of these regions in B. rugosa and T. lividomaculata showed an A-T% above 70% (Supplementary Material 4). In G. lyrata, the intergenic region upstream cox3 (putative control regions) was the longest (772 bp) but the A-T percentage was lower than 70% (62.7%) (Supplementary Material 4). The partial genome of L. schrolli was comparatively rather compact with short intergenic regions, and unfortunately the region upstream cox3 could not be sequenced completely.
Phylogenetic relationships of Vetigastropoda
The molecular phylogeny of Gastropoda was reconstructed based on the deduced amino acid sequences of the 13 protein coding genes combined with the nucleotide sequences of the two rRNA genes (the gastropod data set) using probabilistic methods (Fig. 2) . Vetigastropods were recovered as a monophyletic group with 0.66 BPP and 97% bootstrap support (Fig. 3 ). Three main lineages were recovered within the Vetigastropoda (Fig. 3 ). The first lineage included Fissurella and Diodora, which were recovered as the sister group of the remaining vetigastropods (Fig. 3) . The second lineage recovered Lepetodriloidea as the sister group of Seguenzioidea + Haliotoidea (Fig. 3) . The third lineage included Phasinelloidea, Angarioidea, and Trochoidea. In 
Discussion
Gene order evolution
As of May 2015, most of the complete mt genomes of gastropods sequenced thus far originate from the Heterobranchia (46 mtDNAs) and Caenogastropoda (31 mtDNAs) whereas those of other main gastropod lineages are still underrepresented in sequence databases. Here, we provide six new complete (and one almost complete) mt genomes of Vetigastropoda to add to the six (and one almost complete) already available for this lineage. Several of the mtDNAs here sequenced represent vetigastropod superfamilies not previously sampled (Lepetodriloidea, Seguenzioidea, Phasianelloidea, and Angarioidea). In addition, we analyzed the mtDNA of one representative of Neomphalina (Peltospiridae) that was available in Genbank but thus far not properly analyzed since it was obtained as a by-product of the sequencing of the complete genome of a bacterial endosymbiont of the scaly-foot gastropod ). This latter mt genome has a striking genome organization that is different from those of other main lineages in Gastropoda. Compared to the hypothetical ancestral gene order of gastropods (Stöger & Schrödl 2013; Osca et al. 2014a) , the mt genome of Chrysomallon has suffered two main inversions affecting a cluster including cox2, trnD, atp8, atp6, and trnF genes and a cluster including trnY, trnC, trnW, and trnQ genes ( Fig. 1 ). In addition, two tRNA genes (trnT and trnE) have been translocated and one inverted (trnG).
Within the Vetigastropoda, the genera Haliotis, Granata, Phasianella, Angaria, Bolma, Tegula, and Lunella share almost the same genome organization, which is very similar to the hypothetical gastropod ancestral gene order (Fig. 1 ). Only rearrangements affecting the trnE, trnG, trnT, trnN, and trnD genes are detected (Fig. 1) . The mt genome of Lepetodrilus shows one inversion event affecting a large fragment including the trnD, atp8, atp6, trnF, nad5, trnH, nad4, trnT, trnS, cob, nad6, trnP, nad1, trnL (uaa) and trnL (uag) genes; otherwise this mt genome shares the gastropod ancestral gene order (but note that the MYCWQGE cluster i.e, trnM, trnY, trnC, trnW, trnQ, trnG, and trnE genes could not be sequenced). Finally, the mt genomes of Fissurella (NC 016953, unpublished) and Diodora (this work) also show a large inverted fragment affecting the cob, nad6, trnP, nad1, trnL (uaa) and trnL (uag), rrnL, trnV, rrnS genes, and the MYCWQGE cluster (Fig. 1) . In addition, the trnF, trnD, trnS, trnR, and trnK genes have also been rearranged independently (Fig. 1) . The particularly high number of rearrangements of these mt genomes is correlated with the high evolutionary rates exhibited by these species (as evidenced by their long branches in the trees). This correlation between high rearrangement and evolutionary rates has been noticed in other molluscs (Rawlings et al. 2010; Schrödl & Stöger 2014) . In the overall context of gastropods, vetigastropods ancestrally retain the hypothetical ancestral gene order of gastropods as neritimorphs do (but note that only the genus Nerita has been sequenced thus far in this group; . In contrast, caenogastropods ) and neomphalins (this work) show instances of discrete inversion events in their ancestors whereas Patellogastropoda ) and Heterobranchia (Grande et al. 2008) had extensive rearrangements in their ancestors.
Phylogeny of Gastropoda
As in most previous phylogenetic analyses of gastropods based on the derived amino acid sequences of mt protein coding genes (Grande et al. 2008; Osca et al. 2014b) , the trees here reconstructed showed a stronglysupported sister group relationship of Patellogastropoda and Heterobranchia. This relationship is defined by the markedly long branches of both groups, and has been reported as spurious due to a long-branch attraction (LBA) artifact (Grande et al. 2008; Stöger & Schrödl 2013) . In fact, phylogenetic analyses based on morphology supported a sister group relationship of Patellogastropoda to the remaining gastropods (Ponder & Lindberg 1997; Sasaki 1998) . This result was also obtained by a phylogenetic analyses based on nuclear sequences (Osca et al. 2014b ) but other phylogenies that used nuclear data (alone or combined with mt data) nested Patellogastropoda deeply within gastropods as the sister group of Vetigastropoda (Zapata et al. 2014) or even within the Vetigastropoda (Colgan et al. 2003; Aktipis & Giribet 2010 . Interestingly, phylogenetic analyses performed at the nucleotide level based on the first and second codon positions of mt protein coding genes and rRNA genes have also recovered Patellogastropoda as the sister group of Vetigastropoda .
Morphology (Haszprunar 1988; Ponder & Lindberg 1997) , nuclear sequences (McArthur & Harasewych 2003; Osca et al. 2014b; Zapata et al. 2014) , first and second codon positions of mitochondrial protein coding genes and rRNA genes , and combined mt and nuclear sequence data (Aktipis & Giribet 2010 have recovered Heterobranchia as the sister group of Caenogastropoda, forming the clade Apogastropoda (Ponder & Lindberg 1997) . In contrast, in our phylogenetic analyses Caenogastropoda is placed as the sister group of Neritimorpha to the exclusion of Vetigastropoda. In previous phylogenetic analyses also based on mt amino acid sequences, these three groups always clustered together but in some instances Neritimorpha was recovered as the sister group of Caenogastropoda as here Osca et al. 2014b) whereas in one case it was the sister group of Vetigastropoda . Combined mt and nuclear data supported either Neritimorpha as the sister group of Caenogastropoda (Aktipis & Giribet 2010) , of Vetigastropoda (Osca et al. 2014b) or of all other gastropods (Aktipis & Giribet 2012) .
The latest nuclear-based phylogeny supports a sister group relationship of Neritimorpha and Apogastropoda (Zapata et al. 2014) . Altogether, this latter hypothesis seems to be the strongest after comparing the different studies and taking into account the abovementioned biases introduced by the long branch of Heterobranchia in the mt-based phylogenetic analyses.
The BI phylogenetic analysis of the gastropod data set using the siteheterogeneous mixture CAT-GTR+G model was able to avoid the LBA artifact between Heterobranchia and Patellogastropoda, placing the former closer to Caenogastropoda (in support of the Apogastropoda hypothesis; Ponder & Lindberg 1997) and the latter within the Vetigastropoda as previously reported (Colgan et al. 2003; Aktipis & Giribet 2010 . However, internal nodes in this tree had no meaningful statistical support.
The intriguing phylogenetic position of Neomphalina
The their similar radulae and shared ctenidial bursicles (Warén & Bouchet 2001; Heß et al. 2008 ), points to the inconclusiveness of the present topology.
Phylogeny of Vetigastropoda
The monophyly of Vetigastropoda (Fissurelloidea, Lepetodriloidea, Seguenzioidea, Haliotoidea, Phasianelloidea, Angarioidea, and Trochoidea in our analysis) is well supported in all but one (BI under CAT-GTR+G model based on the gastropod data set) of the present phylogenetic analyses, as is accepted by most authors (Ponder & Lindberg 1997; Geiger & Thacker 2005; Kano 2008; Williams et al. 2008; Zapata et al. 2014 ). However, note that members of Pleurotomarioidea, Lepetelloidea and Scissurelloidea were not included in the present study because their mt genomes are not yet available. Hence, we cannot discuss on the relative position neither of Pleurotomarioidea, which is commonly recognized as the sister group (earliest branch) to the remaining vetigastropods (Haszprunar 1988; Harasewych et al. 1997 Moreover, despite Fissurelloidea is placed as the sister group of the remaining vetigastropods (as in e.g., Kano 2008; but see e.g., Williams et al. 2008) , we cannot reach any definitive conclusion regarding the relative phylogenetic position of this taxon due to the long branches of its representatives that caused significant instability of the tree. In fact, trees with either Fissurella or Diodora as the only representative of Fissurelloidea were even less stable. The addition of new representatives of Fissurelloidea will contribute to break down the long branch leading to this clade and improve the vetigastropod tree (Wägele & Mayer, 2007) . Furthermore, when both taxa were removed from analyses, overall statistical support within the Vetigastropoda was stronger and all phylogenetic analyses converged to a single topology with regards to vetigastropod interrelationships. This topology was also recovered in the BI analysis with the CAT-GTR+G model, which has been proposed to be less sensitive to LBA phenomena.
Vetigastropoda has been the subject of numerous morphological and molecular phylogenetic studies that agree on the monophyly of the different superfamilies, but conflict on the phylogenetic relationships among them (Salvini-Plawen & Haszprunar 1987; Haszprunar 1988; Hedegaard 1997; Ponder & Lindberg 1997; Sasaki 1998; Geiger & Thacker 2005; Yoon & Kim 2005; Williams & Ozawa 2006; Geiger et al. 2008; Kano 2008; Williams et al. 2008; Kano et al. 2009; Aktipis & Giribet 2010 . Here, we recovered three distinct lineages within the Vetigastropoda that separate Fissurelloidea from the remaining vetigastropods, and Trochoidea + Angarioidea + Phasianelloidea from Haliotoidea + Seguenzioidea + Lepetodriloidea. The composition of the superfamily Trochoidea has been the source of taxonomic debate over the last few decades. In their seminal morphological monograph, (Hickman & McLean 1990) defined Trochoidea to comprise the families Turbinidae (including subfamilies Angariinae and Phasianellinae), Trochidae and Skeneidae. In recent years, changes to the systematics at the family level based on the comprehensive studies of (Williams & Ozawa 2006; Williams et al. 2008 Williams et al. , 2012 , led to corresponding changes at the superfamily level and the ultimate recognition of three superfamilies: Trochoidea, Angarioidea, Phasianelloidea. Interestingly, these three superfamilies form a monophyletic group in the reconstructed trees contrary to the results based on combined mt and nuclear sequences by Williams et al. (2008) and Aktipis & Giribet (2012) , where Angarioidea and Phasianelloidea form the sister group of the remaining vetigastropods excluding pleurotomarioideans. Hence, our results emphasize the close affinity of Trochoidea, Angarioidea, and Phasianelloidea with the highest support values (see also Zapata et al. 2014 ) and prompt for further increasing the number of complete mt genomes of the highly diverse Turbinidae and Trochidae ).
Among the non-trochoidean groups, our analyses recovered Lepetodrilus (Lepetodriloidea) as the sister group to Granata (Seguenzioidea) and Haliotis (Haliotoidea), although without statistical support in the vetigastropod tree (Fig. 3) . This clade has been found in several previous studies, although internal phylogenetic relationships were different with Seguenzioidea as the sister group of Haliotoidea and Lepetodriloidea (Kano 2008) or Haliotoidea sister to Seguenzioidea and Lepetodriloidea (Williams et al. 2008) . The close relationship between Haliotoidea and Seguenzioidea is supported in another phylogenetic reconstruction based on combined mt and nuclear sequences (Aktipis & Giribet 2012) , whereas neither this nor the above two previous phylogenies settled the position of Haliotoidea with meaningful support indices. The latest phylogenomic analysis recovered the three lineages branching off successively and paraphyletic with respect to Trochoidea, but again the position of Haliotoidea was ambiguous due to relatively poor gene sampling for this lineage (Zapata et al. 2014) .
Lepetodriloidea is recovered in recent studies as the sister group of Lepetelloidea Zapata et al. 2014 ), a taxon not included in the present study.
Implications for the evolution of pallial asymmetry and paleontology
Our phylogenetic reconstruction of the Vetigastropoda sheds new light on the traditional debate on symmetry (or asymmetry) in gastropod pallial organs, including the gill (ctenidium), osphradium, hypobranchial gland, kidney and auricle (see Lindberg & Ponder 2001 for a review), and consequently the systematics and identification of Paleozoic and Mesozoic fossils. Many of vetigastropod taxa including the Trochoidea lack the gill on the right side, while others bear both left and right ones (Ponder & Lindberg 1997) . The latter paired (zeugobranch) condition can usually be recognized in both extant and extinct taxa by the presence of a shell slit or a foramen, through which water is expelled after passing through the (more-or-less) symmetric mantle cavity (Haszprunar 1988; Ponder & Lindberg 1997; Sasaki 1998) . The presence of such a structure contrasts with the simple, straight outer lip of the shell that characterizes trochoideans and other vetigastropods with the strongly asymmetric pallial cavity with the single left gill (Hickman & McLean 1990) . Regarding the evolutionary polarity of single/paired conditions, recent molecular studies resolve the position of the zeugobranch Pleurotomarioidea as the basal-most Vetigastropoda (see above). The rich Paleozoic fossil record of zeugobranchs with shell slits agrees well with this topology (Knight et al. 1960; Lindberg & Ponder 2001; Fryda et al. 2008; Geiger et al. 2008 ).
The present mitochondrial phylogeny clusters Trochoidea, Angarioidea and
Phasianelloidea (all asymmetric) on the one hand, and zeugobranch Haliotoidea and single-gilled Seguenzioidea on the other hand, both with high posterior and bootstrap indices (Fig. 3) . This suggests not only the loss of the right gill occurred multiple times in vetigastropod evolution as proposed by previous authors (e.g. Ponder & Lindberg 1997; Lindberg & Ponder 2001; Kano 2008) , but also that the clade containing Trochoidea, Angarioidea and Phasianelloidea might represent an ancient radiation from a common asymmetric ancestor that lived in the middle Paleozoic. The fossil history of 'trochomorphs' (trochoideans and other vetigastropod snails without slits or holes) undoubtedly goes back to the Devonian and probably to the Ordovician (Knight et al., 1960; Geiger et al., 2008) . The monophyly of Trochoidea, Angarioidea and Phasianelloidea as a large, ancient clade thus appears to be in better agreement with the fossil record than previous phylogenetic hypotheses that regard the Trochoidea as an independent, more recent trochomorph radiation since the Mesozoic era (Kano 2008; Williams et al. 2008; Aktipis & Giribet 2012) .
The Seguenzioidea represent the only other extant clade of trochomorphs with macroscopic (>2 mm) species (Kano 2008; Kano et al. 2009 ). Their abundant fossil record dates back to the Triassic (Hickman & McLean 1990; Bandel 2010) . The present mtDNA phylogeny recovered a sister relationship between Seguenzioidea and Haliotoidea, the latter of which has a considerably younger record since the Late Cretaceous (Knight et al. 1960; Geiger et al. 2008 ). An apomorphic shift from the plesiomorphic slit shell, which is represented in Scissurelloidea and Fissurelloidea among extant taxa, would account for the apparent lack of pre-Cretaceous fossil evidence for the lineage leading to living haliotids.
Here it is interesting to note that the right pallial organs of Haliotis appear much later in post-metamorphic ontogeny than the left (Crofts 1937) . One may infer a secondary evolutionary acquisition of the right gill from this asynchronous development (Sasaki 1998 ) as opposed to the traditional idea of the zeugobranch condition being plesiomorphic (see Lindberg & Ponder 2001) . Crofts (1937) and Salvini-Plawen (1980) have explained in this regard that the juveniles of Haliotis and adults of single-gilled gastropods retain larval asymmetry caused by torsion, a unique synapomorphy for the entire Gastropoda (Haszprunar 1988; Ponder & Lindberg,1997) . The retarded ontogeny therefore does not seem to carry a straightforward implication for assessing the evolutionary polarity of single/paired conditions in post-metamorphic pallial organs including the gill.
Other recent vetigastropod taxa with a single gill seem to have originated more recently than trochoids and seguenzioids, some probably even in the Cenozoic. Each of the (originally zeugobranch) Scissurelloidea, Lepetodriloidea and Lepetelloidea contains one or more subclades with the strongly asymmetric pallial cavity and straight margin of the shell aperture (Kano 2008) . Moreover, confamilial species with single or paired gills exist in Scissurellidae (Geiger 2012) , Lepetodrilidae (Warén & Bouchet 2001 ) and Pseudococculinidae (Lepetelloidea; Kano et al. 2013 ). Most of these taxa with a single gill have small to minute body sizes, which may reduce respiratory demand or structurally constrain the complexity of the pallial organs on the narrower right side in a right-handed snail shell (Lindberg & Ponder 2001; Kano 2008) . Summing up, the present phylogeny corroborates the multiple secondary losses of the pallial symmetry in the vetigastropod evolution, while it also proposes a possibility of longer geological histories for two extant clades of trochomorphs than previously calibrated using molecular data (Williams et al. 2008; Zapata et al. 2014) .
Conclusions
The available complete mt genomes of Vetigastropoda were doubled. Several of the new mt genomes represent vetigastropod lineages not previously sampled and thus allowed reconstructing a vetigastropod tree based on complete mt genome sequence data.
Neomphalina was tentatively recovered as a lineage independent of vetigastropods. The superfamily Fissurelloidea was recovered as the sister group of the remaining vetigastropods, although their representatives show high evolutionary and rearrangement rates that affect phylogenetic reconstruction and cause tree instability.
The remaining analyzed vetigastropods are divided into two distinct groups: one including the superfamilies Trochoidea, Angarioidea and Phasianelloidea and the other including the superfamilies Lepetodriloidea, Haliotoidea and Seguenzioidea, suggesting that the former clade has descended from archaic trochomorphs that might have lost the pallial symmetry already in the Ordovician. Phylogenetic reconstruction based on complete mt genome sequence data seems to be particularly informative at the superfamily level and provides rather resolved vetigastropod trees. The addition of mt genomes from missing lineages (Pleurotomarioidea, Scissurelloidea and Lepetelloidea) as well as from controversial groups such as the polyphyletic skeneimorphs should help obtaining a robust phylogenetic framework to further understand the evolution of Vetigastropoda. Phylogenetic relationships within Gastropoda Figure 3 Phylogenetic relationships within Gastropoda. ML phylogram based on the nucleotide sequences of the rRNA, tRNA and protein-coding genes of all available complete mt genomes of neogastropods, and one Vetigastropoda (Haliotis rubra), chosen as outgroup (allnuc data set). Species whose complete mt genome was sequenced in this study are presented in bold. Numbers in the nodes correspond to ML bootstrap proportions (above branches) and BI posterior probabilities (below branches). Only values above 70% are depicted. The inset shows a ML topology based on fragments of mt and nuclear data (adapted from Fig. Two of Colgan et al., 2007) . Letters A-K label nodes used in the analysis of phylogenetic performance. recovered as a monophyletic group due to the inclusion of the tonnoidean Cymatium parthenopeum, which was placed as sister group of Cancellariidae in both, ML (-lnL = 125810.87) and BI (-lnL = 124904.38) analyses (Fig. 3) . However, this result was only strongly supported by BI when third codon positions of all protein coding genes were removed from the analysis (not shown). Both, ML codon positions of all protein coding genes were removed from the analysis (not shown). Phylogenetic relationships among superfamilies were largely unresolved in the reconstructed tree based on the allnuc data set (Fig. 3) . (12028) rrnL--cox3 (4079) cox3--cox1 (3480) cox1--rrnL (10951) rrnL--cox1 (5994) cox1--rrnS (11731) rrnS--cox1 (5085) cox1--rrnL (10837) cox1--rrnL (5573) rrnL--cox1 (12105) (11602) rrnS--cox1(5100)* cox1--rrnS (12850) cox3--cox1 (3161) 
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